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NORMAL GRAVITY SELF-PRESSURIZATION OF 9-INCH~ (23 CM) DIAMETER
SPHERICAL LIQUID HYDROGEN TANKAGE
by John C. Aydelott

Lewis Research Center

SUMMARY

A nonventing 9-inch- (23 ¢m) diameter spherical container partially filled with liquid
hydrogen was subjected to 21 quiescent self-pressurization tests. The hydrogen container
was subjected to various combinations of the variables percent filling, heat-transfer rate,
and either top heating, bottom heating, or uniform heating. The pressure-rise rate in
the hydrogen container was primarily a function of the heating configuration with the per-
cent filling and heat-transfer rate playing a secondary role. An analysis is presented for
determining the resulting energy distribution within the hydrogen container. Appreciable
energy transfer from the vapor to the liquid causing evaporation and liquid heating oc-
curred during both the uniform heating and top heating tests.

INTRODUCTION

The NASA space exploration program is heavily dependent on the use of liquid hydro-
gen as a rocket fuel. Liquid hydrogen has many properties, in addition to a very low
boiling point, which set it apart from common liquids. Of particular interest are the
thermal transport properties of both liquid and gaseous hydrogen which make it possible
for subcooled liquid and highly superheated vapor to coexist in the same container. This
situation occurs when a closed system containing liquid hydrogen is exposed to energy in-
put in the form of heat which causes an increase in the total system pressure. The inter-
face between the liquid and vapor phases remains at the saturation temperature corre-
sponding to the increasing vapor static pressure, or total pressure. The average liquid
temperature increases at a slower rate and thus the liquid becomes subcooled; the aver-
age vapor temperature increases at a faster rate and thus the vapor becomes superheated.
As a consequence, simple thermodynamic analysis cannot predict the rate of pressure
rise in a closed system containing liquid hydrogen.



An excellent review of the work that has been performed in this field will be found in
reference 1. The majority of the reported work has been restricted to cylindrical tanks
with heating only on the side walls so that natural convection theory for vertical plates
could be used to predict the heat and mass transfer within the liquid phase. In general,
direct heating of the vapor was not considered. For the present study both the geometry
of the hydrogen container and the basic heat-transfer mechanisms were different. Con-
sequently, no attempt was made to correlate the resulting data with existing analyses and
no detailed discussion of earlier work is included.

This report presents the information obtained from 23 self-pressurization tests of
spherical tanks containing liquid hydrogen. Twenty-one of the tests were performed with
the experiment rigidly held so that the liquid-hydrogen interface was quiescent. Two
tests involved violent shaking of the experiment in order to obtain a saturated homoge-
neous mixture of hydrogen liquid and vapor.

The purpose of the quiescent tests was to compare and explain the differences in the
pressure-rise rate in a spherical hydrogen container as a function of heat-transfer rate,
heat-flux distribution, and percent filling of the container. The homogeneous tests were
used for calibration of the temperature transducers and error analysis.

The experiment consisted of a 9-inch- (23 c¢cm) diameter vacuum-jacketed spherical
container partially filled with liquid hydrogen. A thin wall, 0.010 inch thick (0. 0254 cm),
hydrogen container was used to simulate a flight-weight vehicle. The hydrogen container
was surrounded by two hemispherical radiant heaters whose temperatures could be con-
trolled in order to vary the distribution and rate of energy input to the hydrogen container.
The maximum heat-transfer rate employed was equivalent to the rate of energy absorbed
by a bare stainless-steel tank in space exposed to the Sun.

ANALYSIS

Thermodynamic Pressure Rise

The first law of thermodynamics is
Q=AU+ f P dv
(Symbols defined in appendix A.) For a closed, nonexpanding system, all the heat ab-

sorbed by the system manifests itself in a change in the total internal energy of the sys-
tem; that is, for dv =0



H the system in question is a tank containing a liquid and its vapor, a knowledge of how
the added heat affects the internal energy distribution, and thus the temperature distribu-
tion within the tank, makes prediction of the total system pressure possible. For a two-
phase mixture, temperature and pressure are dependent variables at the interface be-
tween the liquid and the vapor.

The temperature distribution in a cryogenic storage tank is highly complex and is
affected by many variables, the most important of which are tank geometry, percent fill-
ing, heat-flux rate, and heat-flux distribution.

This report presents two simple pressure rise models that are not intended to be at-
tempts at describing the process that actually takes place in a nonventing hydrogen con-
tainer but are intended to be a means of comparing one set of experimental data with an-
other. The position that experimental data assume in relation to the theoretical models
on a plot of total pressure against heat added is then a qualitative indication of how the
energy is being distributed within the hydrogen container. The first model assumes
homogeneous conditions (uniform temperature) throughout the hydrogen container and is
a common calculation that is performed to compare data of this type. The second model
assumes that all the energy absorbed by the hydrogen container goes into the evaporation
of liquid and maintaining the vapor at the saturation temperature corresponding to total
system pressure. The liquid-phase temperature remains constant at the saturation tem-
perature corresponding to seal-off pressure.

Figure 1 is a theoretical plot of tank pressure as a function of heat added for the two
energy distribution models. The plot is for 1 cubic foot (0.02832 cu m) container and
initial liquid fillings of 25, 50, and 75 percent by volume. The reader may approximate
the energy input, as determined by these models, that will cause a specified change in
pressure for any tank size or filling. This is possible by interpolating to determine the
effect of percent filling and by multiplying the heat added by the volume of the tank in
cubic feet since the energy input is a linear function of the tank volume. Appendix B con-
tains the development of the theoretical models based on the first law of thermodynamics.

Heat Transfer

In order to obtain the energy input to a real tank a heat-transfer analysis must be
performed. Appendix C contains the details of the heat-transfer analysis used for this
experimental program. The main source of energy input to the experiment was radiant
exchange from the heaters. Conduction along the plastic support ring, vent tube, and
instrumentation wires played a secondary role. The resulting heat-transfer rates are
based on the area of the inner sphere.



Energy Distribution

Once the total energy input to the liquid-hydrogen tank is known, it is of interest to
know how the energy input effects the contents of the tank; namely, how much of the total
energy input goes into heating the vapor, evaporation of liquid, or heating the liquid. At
any time during the test the temperature distribution in the vapor and the pressure can be
determined from the instrumentation. This makes it possible for the internal energy and
mass of the vapor to be calculated at any time, and thus the energy which went into heat-
ing vapor and evaporation, mass change times heat of vaporization, during the time inter-
val of interest can be determined. The energy input to the liquid during the same time
interval can then be found by subtracting the energy which went into the vapor and evapo-
rization from the total input during the time period. From knowledge of the change in the
temperature of the bulk of the liquid and the fact that the interface between the liquid and
the vapor remains at the saturation temperature, the energy input to the liquid can be
further broken down into the energy that goes into heating the bulk of the liquid and that
which heats the layer of fluid between the bulk and the liquid-vapor interface. A detailed
development of this analysis will be found in appendix D.

APPARATUS
Liquid Hydrogen Container

Figure 2 is a cross-sectional drawing of the liquid-hydrogen experiment that con-
sisted of three concentric spheres; the inner sphere contained the liquid hydrogen, the
intermediate sphere had electric heating coils mounted on its exterior surface, and the
outer sphere served as a vacuum jacket to reduce the gaseous conduction of heat. The
vacuum jacket had coils mounted on its exterior surface through which ligquid nitrogen
was circulated during each test in order to minimize the conduction heat transfer to the
inner sphere. The inner sphere and the inner surface of the heaters were painted black
in order to increase their emissivity. The vent tube was made of stainless steel. The
inner sphere was supported by the vent tube and a polychlorotrifluoroethylene plastic
ring that was cut out where possible to reduce heat conduction.

A heater controller, which basically consisted of a bridge circuit which balanced the
resistance of a temperature sensor on each heater with a corresponding rheostat on the
control panel, was used to maintain heater temperatures of 360°, 4250, 5000, or 575° R
(200°, 236°, 278°, or 3199 K).
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Instrumentation

Temperature and pressure transducers measured the total system pressure,
vacuum-space pressure, surface temperatures of the inner sphere, heater, and vacuum
jacket, and temperature at 17 locations inside the inner sphere. Figure 3 shows the lo-
cation of the temperature transducers on the inner sphere and the four carbon resistor
temperature rakes that were located within the inner sphere to measure the temperature
of the hydrogen liquid and vapor. Figure 4 is a photograph showing two of the carbon re-
sistor rakes. At any time prior to a test run the resistance of any temperature trans-
ducer could be determined by the use of a digital ohmmeter mounted in the control panel.
During a test the resistance of each transducer was measured by using two bridges and
amplifiers so that temperature changes were converted to 0- to 5-volt signals which were
recorded on magnetic tape. For each transducer one bridge had a 0- to 5-volt range
corresponding to anticipated changes in liquid temperature and the second bridge had a
0- to 5-volt range corresponding to the much larger anticipated changes in vapor temper-
ature.

A very small electric current is passed through a temperature transducer to deter-
mine the resistance and thus temperature of the transducer. When a relatively high cur-
rent is applied to a carbon resistor, its temperature is quite different depending on
whether the temperature probe is in the liquid or vapor phase. This is due to self-
heating. Exploitation of this fact, together with careful arrangement of the carbon re-
sistors, makes it possible to use the carbon resistors to determine the liquid level in the
sphere prior to the start of a test.

Temperature transducers were located on the intermediate and outer spheres so that
the heat transfer to the inner sphere by radiation and conduction could be calculated. A
single-bridge recording system similar to the one used for the inner-sphere temperature
transducers was employed.

An ionization gage was used to measure the pressure in the vacuum space. The lo-
cation of the gage and the attachment point of the two pressure transducers used to mea-
sure the pressure in the inner sphere can be seen in figure 2. A 28-volt direct-current
power supply was used to operate the pressure transducers. The vacuum pressure was
monitored continuously on the control panel. During a test the 0- to 5-volt output of the
inner-sphere pressure transducers was recorded on magnetic tape.

PROCEDURE

Prior to the assembly of the experiment, thermocouples were attached to the inner
sphere, heaters, and vacuum jacket. All temperature transducers were calibrated at



139.5° R (7 8° K) by submerging the three spheres in a liquid nitrogen bath. The inner
sphere, heaters, and vacuum jacket were calibrated in a carefully controlled oven at
540° R (3000 K). In addition, the heater temperature transducers were calibrated at
710° R (3940 K) in the oven. After the experiment had been assembled it was filled with
liguid hydrogen and the inner sphere temperature transducers were calibrated by violent-
ly rocking the experiment in a shaker and recording the resistance of each transducer,
which corresponds to the saturation temperature of hydrogen at atmospheric pressure.
Each bridge was calibrated by using a decade box to obtain a voltage against resistance
plot. Prior to each test, the pressure transducers were calibrated with standard pres-
sure gages. Each of the calibration curves for the temperature and pressure transducers
and for the bridges was curve fitted using a digital computer. The magnetic data tape
from each test could then be fed into the digital computer along with the calibration curve
fits, and an automatic data reduction program returned printed temperature and pressure
data at half second intervals for every transducer.

For each of the tests, the experiment was prepared in an identical manner; only the
actual test conditions were varied. The space between the inner and outer spheres was
evacuated first with a mechanical pump and then with a diffusion pump. The experiment
was cooled by circulating liquid nitrogen through the coils on the outer sphere. Then the
inner sphere was filled with liquid hydrogen. The liquid-nitrogen cooling and the addition
of the liquid hydrogen reduced the pressure in the space between the inner and outer
spheres due to cryogenic pumping. A gas meter installed in the vent line together with
the carbon resistors, described in the instrumentation section of this report, made it
possible to determine the liquid level at the beginning of the test. The resistors accu-
rately determine the liquid position at some time prior to the beginning of the test. The
gas meter records the volume of vapor which then leaves the inner sphere. Measure-
ments of the vapor temperature, at the gas meter, and the atmospheric pressure deter-
mine the density of the vapor. From a knowledge of the volume and density of the vapor,
it is possible to calculate the mass of hydrogen which leaves the hydrogen container
before the test begins.

The heater controller was set to maintain the desired heater temperature prior to
the start of the test to eliminate transients. All the temperature instrumentation was
checked for continuity with a digital ohmmeter and the recording system was turned on.
At -1 minute the system began recording the data on magnetic tape. At zero time the
vent valve was closed, and the experiment was allowed to self-pressurize to a nominal
pressure of 100 psia (68.95 N/sq cm abs). The vent valve was then opened and the
pressure was allowed to decay slowly. I a sufficient amount of liquid hydrogen still
remained in the experiment, a similar test at a lower filling was run as soon as the
new liquid level had been determined.

For the 21 quiescent tests, the experiment was supported directly from the ground.




This permitted the experiment to remain totally undisturbed throughout the test. For the
homogeneous tests, the experiment was rocket violently in a shaker so that the contents
of the inner sphere stayed thoroughly mixed.

EXPERIMENTAL RESULTS

The 21 quiescent tests consisted of eight tests with uniform heating, six tests with
bottom heating, and seven tests with top heating. One of the homogeneous tests was uni-
formly heated and the other heated from the top. Initial percent fillings of 35, 50, and
80 percent were desired. The high fillings proved to be the most difficult to achieve
since the boil-off was too great during the period of time required to check the experi-
ment prior to a test. Heater temperatures of approximately 3600, 5000, and 575° R
(200°, 278°, and 319° K) were used for the uniform heating tests, 500° and 575° R (278°
and 319° K) for the bottom heating tests, and 425°, 500°, and 575° R (236°, 278°, and
319° K) for the top heating tests.

Figures 5 to 11, showing pressure and temperature as a function of time, present
the data obtained from seven of the quiescent test runs. Only enough data symbols are
included to identify the curves. Each of the figures is made up of four plots: (a) total
pressure as a function of time, (b) outer-sphere and heater temperature as a function of
time, (c) upper inner-sphere temperature as a function of time, and (d) lower inner-
sphere temperature as a function of time. These seven tests were chosen as being rep-
resentative of the 21 quiescent tests. Figures 5, 6, and 7 show the effects of three dif-
ferent percent fillings (34.9, 48.9, and 76.5 percent) for the uniformly heated and nearly
constant heat-flux situation, approximately 65 Btu per hour per square foot (205 W/sq m).
Figures 9, 10, and 11 show the effects of three different average heat fluxes, 17.1, 27.6,
and 38. 2 Btu per hour per square foot (54, 87, and 120 W/sq m), for an approximately
half-full sphere which was heated only from the top. Figures 6, 8, and 10 show the ef-
fect of three different heating configurations, uniform bottom and top, for an approxi-
mately half-full sphere. The bottom heating test (fig. 8) had the same heat-transfer rate
from the bottom heater as the bottom heater of the uniform heating test (fig. 6). The top
heating test (fig. 10) had the same heat-transfer rate from the top heater as the top
heater of the uniform heating test (fig. 6).

DISCUSSION OF EXPERIMENTAL RESULTS

Heat Transfer

Energy input to hydrogen container. - A first look at the data would tend to suggest
to the reader that the plot of pressure as a function-of time would be the most important
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relation to consider when examining a group of tests which had identical heater tempera-
tures. However, because the hydrogen vapor does become superheated and the top of the
inner sphere does increase in temperature as a test proceeds, this approach can be quite
misleading. The heating of the inner sphere causes a reduction in the heat transfer to the
hydrogen due both to the reduction in radiant exchange and the energy which is required
to increase the temperature of the container wall. Higher heater temperatures and lower
percent liquid fillings cause increasing inner-sphere temperatures so that the average
heat flux to the hydrogen is not a function only of heater temperature. As a result a
better procedure is to compare the amount of heat that must be added to the hydrogen
container to cause a given pressure rise for a particular set of conditions.

Temperature profiles. - For all the tests it was assumed that the temperature pro-
files were symmetric with respect to the vertical axis. In other words, at any time
during a test all vertical planes passing through the center of the inner sphere would ex-
hibit identical temperature patterns and the left side of such a plane would be a mirror
image of the right side. This assumption is based on the fact that the inner sphere,
heaters, vent tube, plastic support ring, instrumentation wires, and liquid-vapor inter-
face all have symmetry with respect to the vertical axis and consequently there is no
reason to anticipate that the temperature profiles would be different on opposite sides of
the container. Based upon this assumption the amount of energy reradiated by the inner
sphere can be calculated. The method of calculating the net radiant heat transfer and the
conduction heat transfer is given in appendix C. Heat is added to the inner sphere by
radiation from the heaters, by solid conduction through the vent tube, the plastic support
ring, and the temperature transducer wires, and by gaseous conduction. Figure 12 is a
plot of the rate of heat input as a function of time for each of the heat sources for a typi-
cal quiescent test. The gaseous conduction of heat was negligible for all the tests. The
increasing temperature of the inner sphere accounts for the reduction in the radiant heat
exchange from the upper heater, as time increases, due to the increasing reradiation
from the inner sphere. The increasing temperature of the inner sphere also accounts
for the decreasing and eventually negative conduction heat transfer from the vent tube
since the inner sphere becomes hotter than the liquid-nitrogen cooled outer sphere, and
heat is conducted away from the top of the inner sphere.

Summary of results. - Table I is a summary of the experimental results and the
heat-transfer analysis. The initial percent filling was determined as explained in the
PROCEDURE section. The pressure-rise rate is an average value obtained by dividing
the difference between the pressure at the end of the test and atmospheric pressure in
psia by the total test time. The bulk temperature was assumed to be the lowest recorded
temperature, usually from temperature transducers 11 or 12. Dividing the change in the
bulk temperature, during the test, by the change in the saturation temperature during the
test, gives an indication of how much energy went into heating the liquid and, thus, how
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nearly homogeneous the liquid is at the end of the test. The maximum change in the
vapor temperature gives an indication of how much energy went into superheating the
vapor. The average heat flux is determined by dividing the total energy input to the hy-
drogen as determined in appendix C by the test time and the surface area of the inner
sphere. This average is then broken down into the heat flux through the liquid wetted
walls and through the walls exposed to vapor. Breaking the heat flux up into parts in this
manner clearly shows the effect of the increasing upper inner-sphere temperature which
reduces the net radiant heat exchange.

Error Analysis

The two homogeneous tests were run for the purpose of checking the validity of the
heat-transfer analysis and to get an estimate of the accuracy of the instrumentation.
Figure 13 is a plot of sphere pressure as a function of heat added for the two homoge-
neous tests. One test was run with only the top heater installed, the other with both
heaters installed. For both tests the experiment was shaken vigorously so that the hy-
drogen liquid and vapor were thoroughly mixed and at the saturation temperature corre-
sponding to the absolute inner sphere pressure. Since the initial filling and pressure
were known, a theoretical plot of homogeneous pressure against heat added (curves in
fig. 13) was generated using the analytical technique presented in appendix B. Every
30 seconds the test data was used to perform a heat-transfer analysis (appendix C) and
the heat added up to that point in time was plotted against the experimentally recorded
pressure. These calculated points are identified by the symbols on figure 13. Comparing
the data obtained from the heat-transfer analysis with the theoretical homogeneous line
shows the combined experimental and analytical error. Ideally, the calculated points
should fall on the theoretical line, but a maximum error of 2 psi (13.8 N/sq cm) or
2 percent of full scale was observed.

The homogeneous tests also provided a check on the accuracy of the inner-sphere
temperature transducers since saturation temperature should be recorded during the
entire test. In the previous discussion, it was impossible to separate the error associ-
ated with the pressure transducer from the error in the heat-transfer analysis. Here,
it will be impossible to separate the error associated with the pressure transducer from
the error associated with the temperature transducers. ¥ it is first assumed that the
pressure transducer is correct, the carbon-resistor temperature transducers indicate
saturated conditions within a maximum of 10.6° R (0. 3° K) with an average error of
-0. 3% R (-0. 2° K) in the range from 36° to 54° R (20° to 28° K). The platinum-surface
temperature transducers indicate saturated conditions within a maximum of +2. 2°R
(+1.2° K) with an average error of +0.9° R (+0.5° K). Figure 14 is a plot of resistance




as a function of temperature for typical inner sphere temperature transducers. This
figure shows that in the temperature range of 36° to 54° R (20o to 28° K) the carbon re-
sistors undergo approximately a 70-ohm change in resistance while the platinum-surface
transducer resistance changes only 4 ohms for each degree Rankine change in tempera-
ture. Consequently, at these low temperatures it would be expected that the carbon re-
sistor temperature transducers would be more accurate. I it is now assumed that the
carbon resistors are indicating the true saturation conditions, then the pressure trans-
ducer would have a maximum error of 2 psi (13.8 N/sq cm), or the same result ob-
tained from the discussion associated with figure 13. Figure 14 is also useful in esti-
mating the accuracy of the temperature transducers at higher temperatures. In the 200°
to 300° R (111° to 167° K) range the carbon resistance transducers undergo approxi-
mately a 2-ohm change in resistance for each Rankine degree as compared with a 70-ohm
change for each Rankine degree at the lower temperatures. This indicates that the re-
sistors are less accurate by a factor of 35 at the higher temperatures so that errors as
high as +20° R (+11° K) may be possible. Above 100° R (55° K) the platinum surface
transducer resistance changed 7 ohms for each degree Rankine change in temperature so
that these transducers should be slightly more accurate at higher temperatures than in
the liquid-hydrogen temperature range. In summary, because both the heat-transfer
analysis and the carbon-resistor temperature transducers indicated the same error in
the pressure transducers, it is reasonable to assume that the pressure data is accurate
within +2 psi (+13.8 N/sq c¢m), that the platinum surface temperature transducers are
accurate within +2° R (1. 1° K), and that the carbon-resistor temperature transducers
are accurate to £0.3° R (+0. 2° K) at low temperatures and +10° R (z5. 6° K) at high tem-

peratures.

Pressure-Rise Characteristics

Effect of heat-transfer rate and distribution. - Figure 15(a) shows the effect of heat-
transfer rate and distribution on sphere pressure as a function of total heat added for the
approximately 50 percent filled quiescent tests. The 50 percent filled tests were chosen
because they represent the least complicated geometric situation where the liquid-vapor
interface and the division between the upper and lower heaters are approximately in the
same horizontal plane. It is readily apparent that the heating configuration is the pri-
mary factor affecting the slope of the pressure against heat added data. The heat-
transfer rate had the least effect on the slope of the pressure as a furztion of heat added
data for the bottom-heated tests with increasing influence on the uniformly heated and
top-heated tests. However, the heat-transfer rate was definitely secondary in impor-

tance to the heating configuration.
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Since the two coordinates, pressure and heat added, are the integrals over time of
pressure-rise rate and heat-transfer rate, coincident test data indicate a linear relation
between pressure-rise rate and heat-transfer rate; that is, doubling the heat-transfer
rate will double the pressure-rise rate. For the bottom-heated tests this linear relation
was followed almost exactly, but the uniformly heated tests, and to a greater degree, the
top heating tests began to deviate. This indicates that the way in which energy was
distributed in the liquid was unaffected by the rate of energy input, while the rate of en-
ergy input to the vapor greatly affected the resulting temperature or energy distribution.

Analysis based on the Rayleigh number indicates that the mode of heat transfer in the
liquid would be turbulent convection (ref. 2). However, a summary of liquid-hydrogen
" boiling studies presented in reference 3 indicates that at the heat fluxes employed for
these tests, nucleate boiling is quite likely to occur. An essentially uniform-temperature
liguid bulk would be anticipated for either turbulent convection or boiling heat transfer.
Because a uniform-temperature liquid bulk was experimentally observed, it is reasonable
to assume that, at the lower heat fluxes, the heat-transfer mechanism in the liquid was
dominated by turbulent convection with some boiling entering in at the higher heat fluxes.
The heat-transfer processes which take place in the vapor are not clearly understood,
but additional discussion will be presented after the energy-distribution analysis (appen-
dix D) is introduced.

The theoretical surface evaporation and homogeneous lines which appear on figure
15(a) also help the reader to understand how the energy distribution within the hydrogen
container affects the experimental results. Recall that the surface evaporation model is
based on the concept of no-heating of the liquid bulk coupled with a saturated vapor while
the homogeneous model has both saturated liquid and saturated vapor at all times. The
top heating tests approach the surface evaporation model in one respect: the liquid is
heated a very slight amount, but superheating of the vapor pushes the experimental data
above the theoretical surface evaporation line. The bottom heating tests approach the
homogeneous model in one respect: although the liquid is nearly saturated, some heating
of the vapor causes superheating and the experimental data lie above the theoretical
homogeneous line. The uniformly heated tests combine some heating of the liquid with
superheating of the gas with the resulting data lying between the two extremes of top and
bottom heating.

Effect of percent filling. - Figure 15(b) shows the effect of percent filling on the
sphere pressure as a function of heat added for three uniformly heated tests. The data
presented is for tests 3, 4, and 5. These three tests were chosen to demonstrate the ef-

fect of percent filling because the average heat flux for the three tests was nearly the
same. Because of the increase in temperature of the upper part of the sphere, the low
filling test had the lowest average heat flux. Based on the information obtained from fig-
ure 15(a) it would be expected that, if the average heat flux had been the same, the ex-
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perimental data would have been somewhat closer together than that shown in figure 15(b).
The obvious conclusion to be drawn from figure 15(b) is that the pressure-rise rate was
only slightly affected by varying the percent filling, with a trend toward higher pressure-
rise rates at higher fillings for the uniformly heated tests.

In order to understand why the pressure-rise rate is only slightly affected by the per-
cent filling, reference is made to table I for the uniformly heated tests. The data for
tests 3, 4, and 5 indicate that as the per'cent filling is increased, the liquid becomes less
subcooled and the vapor becomes less superheated. These two effects tend to counter-
balance each other. In contrast, the bottom heating tests exhibit decreasing pressure-
rise rates with increasing filling, a result of the increased, nearly saturated liquid mass
which is available to absorb the incoming energy. The top heating tests exhibit increasing
pressure-rise rate with increasing filling. The increasing pressure-rise rate is a result
of the increasing unheated liquid mass and the decreasing vapor volume which must ab-
sorb the incoming energy. Evidently, the uniformly heated tests are slightly dominated
by the heating of the vapor which causes a small increase in the pressure rise rate with

increasing filling.

Energy Distribution

Energy input to liquid and gaseous hydrogen. - To explain further the experimental
results, an analysis was performed to determine what percentage of the incoming energy
resulted in heating of the liquid bulk, the liquid thermal layer, evaporation of liquid, and
superheating of the vapor. The details of these energy-distribution calculations will be
found in appendix D. Figure 16 shows the inner-sphere temperature as a function of po-
sition for a typical quiescent test. The liquid-vapor interface is located at a height to
radius ratio of 0.8. This figure shows that the temperature of the vapor space was only
a function of the vertical coordinate, since the data for all the instrumentation, both cen-
trally located and near the container wall, had the same temperature profile. Conse-
quently, the energy distribution analysis was based on the assumption that the vapor
space could be divided into horizontal uniform temperature disks. These disks, or ele-
mental volumes, were then used to perform a summation (approximating an integration)
to determine the total mass and internal energy of the vapor space at any time during the
test. The total vapor internal energy is divided by the mass of vapor to determine the
average vapor specific internal energy which together with the pressure defines an aver-
age vapor temperature. Knowledge of the change in internal energy and mass of the
vapor as a function of time allows the calculation of the percentage of the energy input
which superheated the vapor and caused evaporation. The percentage of the energy input
which heated the liquid is determined by subtracting the input to the vapor and for evapo-
ration from the total energy input calculated from the heat-transfer analysis. The mass
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of the system is a constant so the mass of the liquid can be determined at any time by
subtracting the mass of the vapor from the total initial mass. The average liquid inter-
nal energy is calculated from the initial conditions and the energy input to the liquid. Any
average property of the liquid can now be determined since the pressure and average in-
ternal energy are known at any time. The average liquid density is calculated, which,
together with the mass of the liquid, makes it possible to determine the percent filling at
any time. The average percent filling is converted to an average liquid wetted area and
multiplied by the wetted area heat-transfer rate to determine the energy input to the liquid
wetted walls. The energy input to the liquid was further broken down into two parts: the
energy which went into the bulk of the liquid and the energy which went into heating the
thermal layer between the saturated liquid-vapor interface and the bulk of the liquid.

Figure 17 is a plot of inner-sphere temperature as a function of position for three
heating configurations. Of particular interest are the temperature profiles in the liquid
for the three tests (4, 10, and 19). It can be seen that the bulk temperature, or lowest
recorded temperature, is representative of a large portion of the liquid mass. For the
purposes of mathematical computation a linear temperature gradient from the bulk tem-
perature to the saturation temperature at the interface was assumed. It is realized that,
for some of the tests, this is a poor approximation to the actual temperature gradient,
but the analysis based on this approximation helps to explain further how energy is trans-
ported and distributed within the liquid hydrogen.

Table II is a summary of the results of the energy distribution analysis. It will be
noted that four tests were not included in the energy distribution analysis. Geometric
considerations were responsible for the exclusion of these tests. The two low-percent-
filling bottom heated tests had some direct heating of the vapor. The two high-percent-
filling top heated tests had some direct heating of the liquid. It is impossible to separate
the total energy input into the quantity which heated liquid and that which heated vapor in
these configurations so the tests were not included.

Effect of heating configuration. - The bottom heating test results proved to be the

easiest to understand and the least interesting. The energy input to the liquid wetted
walls accounted for the heating of the bulk liquid, which was nearly saturated, the energy
input to a thin liquid thermal layer, and the energy which went into evaporation (see
table IT). What heating of the vapor that did occur was a result of the small energy input
to the dry walls. Considering the accuracy of the instrumentation and the analysis, it is
quite possible that no thermal layer existed.

The top heating test results proved to be just the opposite: the hardest to understand
and the most interesting. As before, the energy input to the liquid wetted walls approxi-
mately accounted for the heating of the liquid bulk, but the energy input to the dry walls
heated the vapor, supplied the energy for evaporation, and heated the liquid thermal
layer with over 50 percent of the total energy input ending up in the liquid thermal layer
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(see table II). It seems reasonable to assume that the energy transfer from the vapor to
the liquid was intermolecular in nature. The fact that the lines of constant temperature
in the vapor were horizontal, with increasing temperature at higher vertical positions,
may rule out the possibility of any convective flow. It is possible that an involved con-
duction analysis could predict both the vapor and the liquid thermal layer gradients; how-
ever, a detailed analysis was not undertaken. An order-of-magnitude analysis using the
observed temperature gradients and heat-transfer rates has indicated that conduction
could be the primary mode of energy exchange. It was not felt that the experiment design
or the accuracy of the instrumentation and analysis lent itself to further pursuit of this
line of thought.

The results of the analysis on the uniformly heated tests were easily identified as
being the combined results of the top heating and bottom heating tests. The energy input
to the dry walls heated the vapor, supplied the necessary energy for evaporation, and
heated most of the liquid thermal layer. The energy input to the liquid wetted walls
heated the liquid bulk and a portion of the liquid thermal layer (see table II). It is quite
possible that the inaccuracies in the analysis would account for the portion of the heating
of the liquid thermal layer which came from the liquid wetted walls. These inaccuracies
come from (1) the assumption of a linear temperature gradient in the liquid thermal
layer, (2) the fact that the energy passing through the liquid wetted walls near the inter-
face must add to the thermal layer, and (3) the consideration of the fact that, as the test
proceeds, the liquid thermal layer grows and liquid which was previously included in the
bulk now becomes part of the thermal layer. The pressure-rise rate in the hydrogen
container for the uniformly heated tests is primarily a function of the energy input to the
vapor since the input to the liquid wetted walls primarily heats the liquid bulk. The only
contribution which heating the liquid makes to the container pressure is due to the ther-
mal expansion of the liquid. Liquid hydrogen does have a relatively high coefficient of
thermal expansion, but this effect is secondary to the energy input to the vapor for de-

termining the rate of pressure rise.

Entropy Analysis

To summarize the experimental results obtained from the 21 quiescent tests, a sim-
ple calculation was performed. The average liquid and vapor temperatures, obtained
from the energy distribution analysis, together with the pressure at the beginning and
end of each test were used to compute the average liquid and vapor specific entropy.
Knowledge of the mass of the liquid and vapor both at the start and end of the test made
it possible to determine the total change in system entropy during the test. This change
in system entropy was divided by the change in entropy of the corresponding homogeneous
model and the resulting dimensionless parameter was termed the homogeneity factor.

14



Figure 18 is a plot of the homogeneity factor as a function of the average heat-transfer
rate for the quiescent tests. ,

The thermodynamic property entropy is often associated with probability. It was
with this thought in mind that the change in entropy of a real system, as compared with a
theoretical homogeneous model, was chosen as the single parameter most suitable for
summarizing the experimental results. A homogeneity factor equal to unity would be for
a homogeneous system. In contrast, systems with low homogeneity factors exhibit large
temperature gradients. If isolated, these systems would decay to the more probable uni-
form temperature situation found in a homogeneous system. The length of the lines on
figure 18 is indicative of the range of heat flux that was explored for each percent filling
and heating configuration while the thickness of the lines represents the author's confi-
dence limits. Nothing new or unexpected resulted from this entropy calculation. Once
again, it is apparent that the heating configuration is the most important variable affect-
ing the final state of the system. The heat-transfer rate was of significant influence only
on the top heating tests. For the bottom heating tests, the high percent fillings were
more nearly homogeneous because the vapor mass, which was slightly superheated, was
smaller. For the top heating tests the high fillings were less homogeneous because the
mass of the liquid bulk, which essentially did not change temperature, was larger. The
uniformly heated tests showed the influence of both the top- and bottom-heating effects
with the top heating dominating the overall final system conditions.

SUMMARY OF RESULTS

A nonventing 9-inch- (23 cm) diameter spherical tank partially filled with liquid hy-
drogen, was subjected to 21 quiescent self-pressurization tests. The tests were begun
at 1 atmosphere pressure and terminated at a maximum pressure of nominally 100 psia
(68.95 N/sq cm abs). The hydrogen tank was subjected to various combinations of the
variables; percent filling, heat transfer rate, and either top heating, bottom heating, or
uniform heating. The following results were obtained:

1. The rate of pressure rise was affected most by heater configuration, being great-
est for the tests where the vapor was heated directly, least for the tests where the liquid
was heated directly.

2. The pressure-rise rate increased almost linearly with increasing heat-transfer
rate.

3. For the uniformly heated tests the pressure-rise rate was only slightly affected
by varying the percent filling.

4. Appreciable energy transfer from the vapor to the liquid causing evaporation and
liquid heating occurred during both the uniform heating and top heating tests.
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5. Nearly saturated liquid temperatures were recorded throughout the liquid for the
bottom heating tests.

6. Two homogeneous tests validated the heat-transfer analysis and indicated the
error associated with both the pressure and temperature transducers.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 30, 1967,
124-09-03-01-22.
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surface area, sq ft; sq m
absorption factor

specific heat, Btu/(Ib)(°R);
J/(kg)(°K)

angle factor

thermal conductivity,
Btu/ (hr)(it)(°R); W/(m)(°K)

length, ft; m
mass, lb; kg

pressure, lb/sq in. abs;
N/sq cm

filling by volume, percent

heat added, Btu; J

heat transfer rate, Btu/hr; W

reflectivity

absolute temperature, 0R; °x

time, hr

total internal energy, Btu; J

specific internal energy, Btu/
J/kg

volume, cu ft; cum

linear distance, ft; m

emissivity

density, Ib/cu ft; kg/cu m

Stefan-Boltzmann constant,

0. 1713x10~8 Btu/(hr)(sq £t) ORY);

5. 6697x10™8 W /(sq m)(°K?)

APPENDIX A
SYMBOLS

Subscripts:
a absorbed
av average
b liquid bulk
ev evaporation
f final or any intermediate state
ge gaseous conduction
i initial state
j summation variable
L at x=L
[ liquid
l liquid thermal layer
m mean or average value
max = maximum
n summation variable
r radiant
rr reradiated
] system
sat saturation

Ib; sc solid conduction
st stored
v vapor
w wall
0 at x=0
1 inner sphere
2 upper heater
3 lower heater
4 outer sphere .
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APPENDIX B

THERMODYNAMIC ANALYSIS

One method of analyzing a system thermodynamically is to define the conditions at
the beginning and the end of a process; then the necessary input to the system can be de-
termined. For the problem of a liquid-hydrogen storage tank, which is sealed at the
beginning of the test, the initial condition is that the tank contains a homogeneous mixture
at atmospheric pressure with a known percent filling by volume. The final condition is
defined by the model being considered. For a nonexpanding closed system, the input is
heat, and, as stated by the first law of thermodynamics

Q=AU (B1)

Equation (B1) may be written in the form
Q=T; - U; = (mﬂ,fuﬁ,f + mv,fuv,f) - (mﬂ’ U j+ My Uy D) (B2)
The density and specific internal energy of each phase at state i can be found if the sys-

tem is known to be homogeneous and at the saturation temperature corresponding to at-
mospheric pressure (ref. 4). The total internal energy at state i can then be deter-

mined because

(pf); v (B3)
m, .=p, . —-=
2,17 7L, 100
1 (e); ' (B4)
m . :p . -
v,i Py, i 100

For a closed nonexpanding system, the mass of the liquid plus the mass of the vapor is a
constant; consequently, the system density is a constant

(pf), . (pf); (55)
p.=——p -+ - P .
s 100 ' boi 100 | Vo1

For the homogeneous model, state f (and thus the density and internal energy of
each phase) is defined by the fact that the system is homogeneous and is at the saturation
temperature corresponding to the system pressure. Equation (B5), written for state f,
can be solved for the percent filling at state f
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Py - P
(ot); = —— %L (100) (B6)
Pg g~ Pyt :

The total internal energy at state f can then be determined since

(pf);
my ¢=Pp ¢ ——= (B7)
e,f g,1f 100
and
(pf)f
m,_,.=p 1-—— |V (B8)
v,f V,f|: 100

The amount of heat required to reach state f for the homogeneous model can now be
calculated by using equation (B2).

For the surface-evaporation model, state i is the same as that for the previous
model so that the total internal energy at state i is found by the identical procedure.
The surface-evaporation model is based on the concept that all of the energy goes into
evaporating the liquid and maintaining the vapor at the saturation temperature. If it is
assumed that the liquid is incompressible, then the density and internal energy of the
remaining liquid will be unaltered by the process; that is, pﬂ’ i~ pﬂ’f and uﬂ, i uﬁ,f.
The density and internal energy of the vapor are defined by the fact that the vapor is
homogeneous and at the saturation temperature corresponding to the final system pres-
sure. Equation (B5), written for state f, can be solved for the percent filling at state f:

P, -P
(of); = s vt 400 (B9)

Pg i~ Pyt

The mass of liquid and vapor at state f can then be determined since

(pf)f
and
(pf)f
mv,f = pV,f E, - m—}v (Bll)

The total internal energy at state f can now be determined, and from equation (B2)
the heat required to reach state f for the surface-evaporation model can be calculated.
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APPENDIX C

HEAT-TRANSFER ANALYSIS

The amount of energy absorbed by the contained hydrogen is equal to the heat trans-
ferred to the sphere by radiation, solid conduction, and gaseous conduction minus the
amount of energy stored in the container itself; that is,

Q, = (ay + age + qg )AL - Qg (C1)

The amount of heat transferred by thermal radiation from the heated intermediate
sphere to the inner sphere is determined by the method presented in reference 2. For

the radiant exchange calculations the outside of the inner sphere is assigned the number 1,

the inside of the upper heater number 2, the inside of the lower heater number 3, and the
inside of the outer sphere number 4. The effect of the small openings in the heaters for

tubing, wires, and supports was neglected. The net rate of radiant heat absorbed by the

inner sphere when both heaters are installed is

3
_ 4
qp = ._;_1 IEJA T oelA1 1 (C2)
J:

where B i1° the absorption factor, is defined as the fraction of the total radiant-energy
emission of surface j which is absorbed by surface 1. The absorption factors are de-
termined by solution of the following simultaneous equations:

(F1qry - 1Byg + FypryByy + FyargBgy + Fyqey = 0 (€3)
F317(By1 + F3graBgy + (Fggrg - 1)Bgy + Fgy€y =0 (C5)

This technique treats all diffuse-radiation circumstances and requires only a knowledge
of the geometry of the three surfaces, the average temperature of the surfaces, and the
emissivity of the surfaces. Lewis Research Center personnel experimentally obtained
the emissivity (fig. 19) using a sample surface identical to the inner surface of the
heaters and the outer surface of the hydrogen container.

When one of the hemispherical heaters was removed in order to obtain only top or
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bottom heating, the outer-sphere surface 4, had to be substituted for the removed heater,
surface 2 or 3, in equation (C2) and subsequent calculations. The inside of the outer
sphere and the outside of the heaters were gold plated. The analysis was nearly insensi-
tive to the value of emissivity for these surfaces so an approximate value of 0.10 was as-
sumed. Because of the variation in temperature of the inner sphere, the last term in
equation (C2) was expressed as an integral and called the inner-sphere reradiated heat
flux

4
ql,rr={oeT dA (C6)
1

where A1 is the surface area of the inner sphere. This integral was approximated by
the summation
n: 4
Ay, pr }:1 cejT AAj (cn
J:

As explained in the DISCUSSION OF EXPERIMENTAL RESULTS section, the temperature
of the inner sphere was only a function of the vertical coordinate so that horizontal uni-
form temperature sections could be used to divide the sphere into elemental surface
areas. A digital computer was used to curve fit the emissivity as a function of tempera-
ture curve and the inner-sphere temperature as a function of position curves for each
time interval. An average temperature for each elemental area was used to determine
the local emissivity, and the summation was performed every 30 seconds by using a digi-
tal computer.

The energy stored in the container at any time interval was also expressed as an in-
tegral

Qg = /\; CppT dv (C8)
1,w

where V1 w is the volume of the container wall. This integral was approximated by the
summatior’x

n
Qg¢ ™ 21 PCp, Tj AV; (C9)
J=
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Assuming the same temperature distribution, a digital computer was used to curve fit the
stainless-steel specific heat as a function of temperature curve found in figure 20 (ref. 5)
and the inner-sphere temperature as a function of position curves for each time interval.
An average temperature for each elemental volume was used to determine the specific
heat and the summation was performed every 30 seconds by using a digital computer.

The differential equation and boundary conditions for one-dimensional heat transfer
by solid conduction are the following:

at x=0, T=T0
i(kS’E)=o (C10)
dx \ dx at x=L, T=Tg

At the very low temperatures encountered with the use of liquid hydrogen, the thermal
conductivity of most materials is highly temperature dependent and can be expressed as
some function of the absolute temperature. Substituting the boundary conditions in equa-
tion (C10) and integrating (ref. 2) result in

T, - T
9.y 0 L (C11)
A M L
where
T
K =1 / Ly (T)aT (C12)
m p _7 Jr
L-" ‘o

Figure 21 shows the stainless-steel thermal conductivity as a function of temperature
(ref. 5) and the curve fit which was used to perform the necessary integration in equa-
tion (C12). Figure 22 shows the plastic support ring thermal conductivity as a function
of temperature and the curve fit which was used to perform the necessary integration in
equation (C12). The data for this figure was obtained experimentally by Lewis Research
Center personnel using a sample piece of polychlorotrifluoroethylene plastic identical to
that used in the experiment.

For all the tests, the heat transfer due to gaseous conduction through the vacuum
space, was negligible, since vacuum levels were always less than 10'4 micron of mer-

cury.
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APPENDIX D

ENERGY DISTRIBUTION ANALYSIS

The total volume of the hydrogen container as it appears in this analysis included the
volume of the plumbing up to the seal-off point of the experiment. Expansion of the con-
tainer due to the increasing pressure was neglected.

The total test time was divided into 30-second intervals, and the following calcula-
tions were performed for each time interval. As a first approximation, it was assumed
that the liquid level did not change between successive time intervals so that the volume
of vapor could be determined.

As explained in the DISCUSSION OF EXPERIMENTAL RESULTS section, the temper-
ature of the hydrogen vapor was only a function of the vertical coordinate so that horizon-
tal uniform temperature sections could be used to divide the vapor space into elemental
volumes. Each elemental volume then approximated a region of constant temperature
and pressure. Since two thermodynamic properties are known, for each elemental vol-
ume, any other property can be determined. The properties of particular interest are
the density and specific internal energy. The equations which were used to generate the
hydrogen tables (ref. 4) were curve fitted using a digital computer so that the desired
properties were readily available once the pressure and temperature were known. This
made it possible to determine the total internal energy and mass of the vapor at any time.

m =/ dm, (D1)
VV
U, = f u, dm, (D2)
VV

n
my 2 Py,j AVVJ (D3)
=1
n
U, ~ 231 Uy 1Py, AVV’]. (D4)
]:

At any time these summations can be evaluated by using a digital computer. I is first
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necessary to curve fit the vapor temperature against position data for the test times of
interest. The computer can then determine the necessary properties, from the hydrogen
property curve fits, for each elemental volume and perform the necessary mathematical
operations. The energy input to the vapor during any time interval is

Q= Uyt~ Uy i

The change in the mass of the vapor is

Am = my p-my g (D5)

The energy input that results in evaporation is
Qgy = (Amv) (heat of vaporization) (D6)

The energy input to the liquid is determined by subtracting the energy input to the vapor
and the energy input that results in evaporation from the total energy input to the con-

tainer.
Q= Qp - Qy - Qqy (D7)

To explore further the energy distribution within the liquid phase, it was assumed that
the liquid consisted of a uniform temperature region known as the bulk and a region of
linear temperature change between the bulk and the liquid-vapor interface known as the
thermal layer. This assumption is considered in detail in the DISCUSSION OF EXPERI-
MENTAL RESULTS section. The bulk temperature, at any time, is determined from the
instrumentation and the thermal layer average temperature is

T, +T
_ b sat (D8)

T
l 2

Since the liquid-vapor interface is always at the saturation temperature, the average in-
ternal energy of the liquid initially corresponds to the saturated temperature and pres-
sure and at any later time is

(D9)

where
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Mg =My - Amg

At any time the energy stored in the liguid must be equal to the sum of the energy stored
in the two regions.

_ Y, * Ugat
Mgl oy = Myl +m, — (D10)
The total mass of liquid is equal to the sum of the mass of liquid in the two regions.
my =my +m, (D11)

Combination of equations (D10) and (D11) yields:

(u +u - 2u )

Yy sat " Y%

All the liquid is initially saturated so the energy input to the bulk is

Q= My, 1%, - My %, sat, i (D13)

Subtracting the energy input to the bulk from the total energy input to the liquid yields

Q=9 -Q, (D14)
The percent filling of the inner sphere at any time is
My

pf=— L %100 (D15)
Py avV

where p 2,av is determined by using the computer and the values of the total sphere
pressure and uﬂ, ay 2aS input. This new value of percent filling allows the vapor volume
to be recomputed and the calculations are performed again starting with equation (D1).
This cycle is repeated until the liquid mass changes by less than 0.1 percent; the com-
puter then proceeds to the next time interval.
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TABLE I. - SUMMARY OF EXPERIMENTAL RESULTS AND HEAT-TRANSFER ANALYSIS

! Test  Initial !Pressure rise rate Liquid | Maximum vapor Unit area heat-transfer rate q/A1 ,
num-  filling, = | temperature temperature change T ; :
ber  percent . psi/min’ N/sq m ratio, Average ' Wetted area Dry area i

o 0. ! H i
AT /ATg: R K Btu/(hr)(sq ft) W/sq m 'Btu/(hr)(sq £t) W /sq m ‘Btu/(hr)(sq tt) W/sqm |
Uniform heating
t 7 T r :
1 ! 34.6 ' 3.5 ‘ 402 l 0.55 © 110 61.1 17.5 55 20.0 63 15.7 i 49
. 2 51.4 3.6 414 ‘ .46 115 - 63.9 18.2 57 . 20.0 63 16.4 . 52
i 3 34.9 11.3 - 1298 .62 bo212 117.8 59.9 189 80.3 253 45.8 144
4 48.9 13.5 ~ 1551 .47 200 111.1 65.0 205 80.7 254 48.9 154

, 5 76.5 17.0 i 1953 : .32 159 88.3 72.6 229 80.5 254 54.1 171

‘ 6 36.8 19.3 | 2218 .61 258 143.3 ‘ 105. 4 332 . 148.0 466 - 74.5 235

! 7 50.7 23.6 ' 2712 .47 245 : 136.1 J 111.6 352 142.17 450 8.4 o4t

8 . T2 30.3 3481 i .31 182 | 101.1 ‘ 128.6 405 141.9 447 97.7 308
——— . | —
Bottom heating
T B T . ;

) 9  29.3 \ 5.9 678 : 0.99 85 47.2 39.5 125 78.5 o247 16.3 51

{ 10 | 49.0 4.9 563 .99 © 109 60.5 l 44.6 Io141 : 81.17 ;268 5.1 16

1 73.5 3.6 414 ) .97 73 40.5 ! 42.6 ©134 | 59.5 188 2.9 9

Co 12 31.0 . 11.0 1264 .95 87 ‘ 48.3 ! 73.38 231 146.6 462 27.3 86

S 47.8 8.6 988 . . 96 90 } 50.0 75.2 o231 144.9 - 457 3.0 9

14 74.0 i 6.3 724 .92 54 I 30.0 75.17 ' 239 " 105.4 ( 332 3.5 11
I H i
Top heating
' i
15 ' 36.5 4.6 529 ‘ 0.10 ;81 45.0 | 15.5 49 1.5 25.2 79
16 50.5 5.8 666 : .07 ; 85 ‘ 47.2 17.1 54 .2 32.2 101
17 l 80.4 8.8 1011 1 .05 99 55.0 19.6 62 13.8 43 34.0 107
18 ' 34.3 8.2 942 | 11 118 65.5 24.2 76 2.8 9 38.2 120
19 , 51.2 11.2 1287 .06 123 68.3 27.6 87 .6 14 51.7 163
20 47.7 18.5 2126 .05 153 85.0 38.2 120 3.5 11 71.0 224
21 77.0 30.3 3481 .04 158 87.8 53.6 169 42.6 134 7.8 245
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TABLE II. - RESULTS OF ENERGY-DISTRIBUTION ANALYSIS

Test |Average
number | filling,
percent
!
|
1 35.8
2 52.9
3 36.7
4 50.4
5 78.2
6 38.4
1 52.2
8 8.7
10 i 52.8
11 79.4
13 50.9
14 79.9
15 36.9
16 50.7
18 34.6
19 51.2
20 47.7

“ Energy ihput to
liquid wetted walls, [———
percent of total Liquid
Uniform heating

46. 4 7.4

57.2 83.0

54.9 76.1

62.17 79.4

77.5 91.1

59.2 4.4

66.0 7.4

1.1 90.7

Bottom heating

94.4 85.4

98.2 97.0

98.1 84.6

98.8 96.8

Top heating

4.1 70.9

6.6 70.8

4.5 67.6

8.6 66.2

4.4 59.3

Vapor

18.
15.

22.
18.

14.
12.
18.

q -1 O I a3

[{=T =~ Vo R &)

- R - YT

Evapo-
ration

13.
10.

11.

11.

19.
20.
17.
21.
21.

L wemoo
AW NN O W

W OO0 = =

- 00 W 00 O

Bulk
liquid

32.
51.
39.
58.
64.
417.
65.
. 63.

82.
95.
80.
96.

- -

o @ oo
X b O N

[ I - R = SR ]

‘»_ﬁeat added, percent of total energy input

Liquid
thermal
layer

44,
31.
31.
21.
26.
26.
11.
26.

©. P DDUO O W

O W N
-3

65.3
64.6
59.6
60.8
54.5
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Figure 1. - Tank pressure as functign of heat added for two-energy distribution modeis.
Tank size, 1 cubic foot (2.832x107< cu m),
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Figure 2. - Schematic drawing of liquid-hydrogen experiment.



Carbon Distance
resistor from wall,
temperature -
transducer | M-} cm
R-1 4.50 | 11.43
R-6 3.30 | 8.30 Rake 4
R-2 2.90 | 7.37 R-17, 18, 19, 20
R-3 2,20 | 5.59
R-7 2.11 5.36
R-4 1.86 1 4.72
R-8 1.66 | 4.22
R-9 1.18 | 3.00
R-5 1.02] 2.59
R-11,17 .60 1.52
R-10 .50 1.27
R-12, 18 A0 1,02
R-15, 19 .20 0.51
R-20 .02 0.05

Section B-B

Top view

Vent tube —{

Section A-A

N-33

N-23

Rake 3
Front R-11, 12, 15

elevation

CD-8740

Figure 3. - Inner sphere temperature transducer locations, Numbers preceeded by N denote surface
temperature transducers.

31




NIRR 1 |} RS

cH B
R 0 1 25
E Lo

fnch
2.4 .6 8140

€-67-122
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